1. Addressing spatial connectivity in conservation planning is important to ensure the 2 maintenance of patterns and processes needed to support the persistence of biodiversity. In 3 freshwater ecosystems spatial connectivity is constrained by the presence of water, which 4 exhibits marked temporal changes in regions with wet-dry seasonal climates. Previous studies 5 have focused on spatial connectivity and overlooked the temporal component, which is 6 necessary to enable the functionality of spatial connections (due to temporal changes in water 7 availability). 8 2. We identify priority areas for the conservation of freshwater fish, water birds and turtles in 9 the Mitchell River catchment in the wet-dry tropics of northern Australia. We demonstrate 10 how adequacy of freshwater conservation can be enhanced by integrating an estimate of 11 water residency time (WRT) into the prioritization process. WRT reflects refugial potential 12 and connectivity in freshwater ecosystems and was quantified using MODIS flood and post-13 flood Landsat satellite imagery. We compare the spatial allocation of priority areas, and the 14 spatial and temporal connectivity under two alternative scenarios: i) accounting only for 15 spatial connectivity and ii) integrating spatial and temporal connectivity. prioritization as we propose here helps to assess periods of longest spatial connections 28 thereby maximizing the refugial role of freshwater priority areas during dry periods. When 29 satellite imagery data and software publicly available our approach allows for an improved 30 management of aquatic resources and biodiversity under periods of water scarcity that can 31 increase in incidence and duration with climate change. 32 33
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conservation planning is therefore a crucial challenge to adequately address the persistence of 86 freshwater biodiversity (Nel et al. 2009) . 87
Here, we demonstrate how to integrate a measure of Water Residency Time (WRT) in the 88 landscape into previous considerations of spatial connectivity in conservation planning 89 methods. We consider two different components of spatial connectivity: longitudinal 90 connectivity within a catchment, and lateral connectivity between different sub-catchments. 91
These types of connectivity were applied to address the spatial movement requirements of 92 fish, turtles and waterbirds in the Mitchell River catchment (northern Queensland, Australia). 93
In this way, we aimed to find a set of planning units that maintained water (i.e. to maximize 94 the refugial role of freshwater priority areas) and allowed connections to be effective over the 95 longest possible period of the hydrologic cycle to enable movement and access to key aquatic 96 resources (functional connectivity). This novel approach to incorporating WRT in 97 conservation planning methods would result in increased adequacy (capacity to maintain 98 biodiversity over the long-term) of identified freshwater priority areas, and higher likelihood 99 of future persistence of freshwater-dependent biota. 100
Methods 102

Study area 103
The Mitchell River catchment (71,630 km 2 ) is located in northern Queensland, Australia (Fig.  104 2). The wet-dry tropical climate of the region is largely controlled by the equatorial southern 105 monsoon. It is strongly seasonal with > 80% of the annual rainfall occurring between the wet 106 season months of December to March (summer). Mean annual rainfall increases from around 107 600 mm in the south to over 1,200 mm in the northeast and northwest. High mean annual 108 evapotranspiration leads to annual water deficits across the catchment except in the very 109 wettest of years (Ward et al. 2011) . 110 7 111
Biodiversity data 112
The spatial distribution of fish, water birds and turtle species was sourced from Kennard 113 (2010) . This database contained predictions of spatial distributions for 104 species of 114 freshwater fish, 106 water bird species and 13 turtle species across northern Australia derived 115 from Multivariate Adaptive Regression Splines models (Leathwick et al. 2005 ) at a fine scale 116 (average area of predictive units was 3.6 km 2 ). The predictive model was built on a data set 117 of 1609 presence only sites plus 115 presence-absence sites and validated in an independent 118 data set of 604 presence-absence sites for fish, and built and validated on 2109 and 350 119 presence-only sites for birds and turtles respectively (see Kennard 2010 and Hermoso et al. 120 2012 for more details on predictive models). 121
122
Identification of priority areas 123
We used the software Marxan (Ball et al. 2009 ) for identifying priority areas for conservation 124 of freshwater fish, water birds and turtles. Marxan tries to find an optimum set of planning 125 units that achieve the requested representation for each species (e.g., 100 km 2 , hereafter 126 termed conservation target) at the minimum cost. We used sub-catchments as planning units 127 rather than equal-sized grid cells as usually done in terrestrial and marine conservation 128 assessments. We delineated 2,316 planning units from a 9 second digital elevation model 129 using ARC Hydro for ArcGIS 9.3 (ESRI 2002). We then translated the information from the 130 predictive models for each of the 45 freshwater fish, 106 bird and five turtle species 131 inhabiting the Mitchell River into the planning units by summing the area where each species 132 was predicted to occur within each planning unit. Given the lack of ecological knowledge to 133 guide more objective conservation target setting we set conservation targets to ensure the 134 adequate representation of the rarest species in the dataset (the use of constant % targets for 135 8 all the species as usually done could lead to the underrepresentation of these rare species and 136 overrepresentation of common ones). We adapted the target according to each species' 137 prevalence in the dataset to represent 100% of the spatial distribution of the rarest species, 138 and then scaled them down exponentially up to reach a minimum of 10% for the most 139 common species. In this way the spatial distribution of rare species would be almost fully 140 covered in solutions. To account for the importance of connectivity in freshwater 141 conservation planning and the different requirements of the biodiversity that we were 142 planning for, we incorporated two different types of spatial connections in the analyses. We 143 used the longitudinal connectivity rule proposed in Hermoso et al. (2011) to account for the 144 longitudinal propagation of threats and movements along the river network. Moreover, we 145 incorporated inter-catchments connectivity (Hermoso et al. 2012) , to account for movements 146 of birds or turtles that are not necessarily restricted to movement via river networks (i.e. can 147 move across drainage divides). We ran Marxan 100 times (1. water area and time it remains for each planning unit (Fig. 3) . The measure of WRT used 181 here was estimated using the trapezoidal rule (Atkinson 1989) . The resulting WRT unit is 182 area-time (e.g. hectare-days). A consequence of WRT calculated in this way is that the same 183 area-time integral value can be obtained for a small amount of water that resides in a planning 184 unit for a long time as well as for a large amount of water that resides for a short time. To 185 address this issue, the surface water area-time integral used to calculate WRT was weighted 186 by the proportion of time water resides in the planning unit. For each planning unit, the 187 weight is calculated as t i /T where t i is the time from the beginning of the time series to the ith 188 surface water area measurement, and T is the total length of the time series. 189
We then used the WRT to weight the spatial (longitudinal and inter-subcatchment) 190 connections in Marxan. The longitudinal connectivity penalty accounts for connections along 191 the river network using a distance-decay function, so for example, the penalty for not Hermoso et al. 2012). We multiplied the connectivity penalty described in Hermoso et al. 199 (2011; 2012) by the minimum WRT for the pair of planning units involved in every 200 connection (Fig. 4) . In this way, if two planning units were spatially close but retained water 201 only for a few weeks a year, a low penalty would apply (the spatial connection is very 202 ephemeral and is therefore not considered as important). On the other hand, close planning 203 units that retained water most of the year offered a high temporal-spatial connection. Given 204 the difference in magnitude between the spatial penalties and WRT (Fig. 2) , we used a log 205 transformed WRT to weight the spatial connectivity penalty. In this way we ensured that we 206 optimized for both, spatial and temporal connectivity, at the same time. 207
To test the effect of WRT, we identified priority areas for conservation of freshwater 208 biodiversity in the Mitchell River catchment under two different scenarios, with and without 209 WRT-weighted spatial connectivity. We used each planning unit's area as a surrogate of cost 210 in the analyses. 211
We measured the total length (kilometres) of connected planning units within the best 212 solution and the average WRT of planning units within and outside the best solution in both 213 scenarios (with and without WRT) and for 100 best solutions randomly generated (random 214 allocation of the same number of planning units across the study area). We also estimated the 215 potential overall benefit of WRT to species represented in the best solution by measuring the 216 WRT in selected planning units where each species occurred. In this way we had an estimate 217 of WRT in priority areas were each species was expected to be present. We then checked for 218 significant differences in the average WRT of planning units in the best solution and the 219 species' WRT benefit (with vs. without WRT) by means of a one-way ANOVA. A 220 conceptual diagram of the analyses performed can be found in Figure S1 in Supporting 221
Information. 222 223 Results 224
The spatial allocation of best solutions and highly irreplaceable areas in the Mitchell River 225 catchment was influenced by the incorporation of WRT (Fig. 5) . Both solutions could be 226 taken as reasonable priority areas as conservation targets were fully achieved in both cases. 227
There was an intermediate overlap between both solutions with 64% of planning units 228 (n=165) selected in both scenarios. Despite this coincidence, the use of temporal connectivity 229 had a significant effect in the selection of planning units. Planning units that were selected 230 only under the temporal scenario (n=52) showed WRT values 2.5 higher (average 231 WRT=4200) than planning units only selected under the traditional connectivity scenario 232 (n=40 planning units, average WRT=1712). This was also reflected in the change of spatial 233 patterns of irreplaceability (Fig. 5) . High irreplaceable areas shifted from intermediate 234 reaches to lowland reaches where WRT showed higher values on average (Fig. 2) . There was 235 a substantial difference in temporal connectivity between both scenarios (Fig. 6) . The average 236 WRT value for planning units included in the best solution when using WRT was higher 237 (40% increase on average) than when it was not used (Fig. 6) . The difference in spatial 238 allocation of priority areas when using WRT did not affect either the degree of spatial 239 aggregation of priority areas, the total area required or the achievement of conservation goals 240 (all the species achieved the required target in all cases). In both cases the average fully 241 spatially connected river length within priority areas was around 322 km for each patch of 242 clustered planning units and the total area required was around 8000 km 2 (Fig. 5,  243 Supplementary Table S1 ). Note that the total number of planning units included in the best 244 solutions was similar with and without WRT (n= 205 and n=216, respectively) and therefore 245 unlikely to influence our assessment of the benefits of incorporating WRT. The preferential 246 selection of planning units with high WRT in the best solution also translated into an increase 247 in WRT where each species occurred within best solutions (Fig. 7) . The average species 248 WRT benefit was significantly higher when using WRT (ANOVA, F (1,304) = 48.3, P<0.001). 249
See There is increasing concern among conservation practitioners to quantify and manage 254 processes that support the persistence and functioning of ecosystems and their biodiversity 255 (Meir et al. 2004 , Possingham et al. 2005 Pressey et al. 2007) . Here, we have demonstrated 256 how to integrate an estimate of WRT in the identification of priority areas for conservation to 257 enhance the management of biodiversity. We have addressed two important features of 258 aquatic ecosystems to improve adequacy of freshwater priority areas, namely the seasonality 259 13 of spatial connectivity, and the presence of dry-season refuges. This will help maintain some 260 key ecological processes such as persistence and movements of biota over the dry season or 261 re-colonization when water returns, which are essential factors to secure the long-term 262 maintenance of freshwater biodiversity. 263
Native biodiversity in dynamic wet-dry seasonal freshwater environments have developed 264 strategies (desiccation resistant life-history stages or retreating to refuge habitats, fast 265 recolonisation and recruitment after disturbance) to cope with extended dry periods (Bond et 266 al. 2008) . For example, Magalhães et al. (2007) found that fish assemblages in Mediterranean 267 streams recovered quickly from short-term fluctuations in water level. However, they also 268 warned that exacerbated disruptions in longitudinal connectivity caused by low water levels 269 could negatively influence sensitive species. This is especially concerning under the expected 270 effects of climate change on water availability (Bates et al. 2008) . Global-scaled predictions 271 include a 2-3 fold increase in the frequency of extreme low flows in many areas (Arnell 272 2003) and a reduction in mean annual discharge. Under these conditions, it is likely that some 273 currently perennial freshwater ecosystems will become non-perennial and that the duration 274 and extent of water scarcity in already wet-dry seasonal ecosystems will increase. This 275 represents a challenge for conservation of freshwater biodiversity, since the new conditions 276 will affect ecosystem functioning and might surpass some species' ability to adjust or adapt 277 to these changes (Morrongiello et al. 2011) . 278
Focusing conservation efforts in those areas that retain water and allow connections for long 279 periods of time is an appropriate strategy to improve long-term persistence of freshwater-280 dependent biota. Here, we demonstrated a substantial increase in WRT within priority areas 281 (40%) without no additional increase in area selected and maintaining the spatial connectivity 282 constant (both scenarios showed similar number of planning units and length of river 283 connected in the best solution). In this way we focused the selection of priority areas in more 284 14 perennial areas where freshwater biodiversity has a higher chance of resisting the dry period. 285
There was a shift in the spatial allocation of irreplaceable areas when introducing WRT in the 286 selection process. When using WRT to weight spatial connections, the selection of priority 287 areas was focused on those zones that enabled movements along the river network 288 (longitudinal connectivity, Hermoso et al. 2011) Priority areas identified in our study hold water for most of the dry period allowing species to 310 have access to key resources when they are scarce (e.g., some waterbirds or turtles; Haigh et 311 al. 1998; Rea et al. 2009 ) and offer refugial opportunity (e.g., freshwater fish; Arthington et 312 al. 2005) . This should help address the ecological needs of some species and sustain 313 populations that will eventually serve as sources of colonization when water returns water 314 returns. The potential recolonisation from refuge areas might be compromised by the 315 presence of barrier to the movement especially for water strict species (e.g., dams). Although 316 this was not a major issue in our study area we acknowledge that it should be further 317 considered when estimating the potential benefit of a given refuge area in other catchments 318 where barriers constraint biota movements. 319
The method proposed here is transferable and could be used to address adequacy in 320 freshwater conservation planning in regions of the world subject to strong seasonality in 321 water availability. Satellite imagery and the software Marxan used in this work are publicly 322 available, which could facilitate the application of the method we demonstrate here. 
